INTRODUCTION
The cardiotoxins (CTXs) and short-chain neurotoxins (NTXs) found in snake venom are highly similar proteins, each comprising 60 -65 amino acid residues. They adopt a similar structural scaffold, the three-finger loop structure, but differ significantly in their biological functions [1] [2] [3] . α-NTXs are hydrophilic proteins that specifically block neurotransmission across the neuromuscular junction [4] [5] [6] [7] . On the other hand, snake venom CTXs are highly hydrophobic and basic polypeptides. Interestingly, CTXs can exert a wide variety of biological activities, such as depolarization and contraction of muscular cells, lysis of various types of cells such as red blood cells, epithelial cells and fetal lung cells, and also selective killing of certain types of tumour cells [8] [9] [10] [11] . These highly hydrophobic proteins are found exclusively in the venom of cobras and ringhals. More than 95 CTXs from various sources have been reported, and their sequences show almost 90 % similarity [12, 13] .
The three-dimensional structures of the three-fingered toxins indicate that the backbone of members of this family is composed of a globular core with four disulphide bridges and three fingers emerging from the core. Structural and evolutionary comparisons suggest that the globular core maintains the overall structure of these toxins [14, 15] , whereas major structural plasticity is present at the tips of the loops [16] . Recent studies have also documented that the minor changes in these loop regions might account for the functional differences between the toxins [17] . Among the biological functions of CTXs, their cytolytic and\or haemolytic properties are the most commonly studied. The lytic activity of CTXs is associated with their binding to cell membranes and resultant damage to the membranes. Chien et al. [18] 
divided
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properties. Comparison of the cytolytic activities of the recombinant chimaeric toxins demonstrated the possible involvement of all three loops of cardiotoxin in its cytolytic potency. However, the first two loops of the protein appear to make the major contribution to its lytic activity. cDNAs encoding cardiotoxin and the chimaeric toxins, when expressed in transfected cultured Chinese hamster ovary cells, resulted in cell lysis, indicating that these cDNAs can be developed as useful cytolytic agents.
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CTXs into two distinct types, P-type and S-type, based on Pro-31 and Ser-29 residues within a putative phospholipid binding site in the loop II region. The P-type CTXs have been found to possess greater haemolytic activity, whereas S-type CTXs show greater muscle cell depolarization activity. The S-type molecule has also been proposed to interact with the membrane through only one of its three hydrophobic loops [19] , presumably loop II [20] , whereas the membrane binding motif of the P-type CTXs has been proposed to involve all the three hydrophobic loops [21] . Although the chemical modification of specific amino acids has shed some light on the structure-activity relationships of CTXs, the amino acids exclusively responsible for the specific action of CTXs still need to be elucidated. However, the lysine residues flanking the tip of loops I-III have been suggested to represent an important functional motif in the binding of CTXs to the lipid bilayer [22] . Our previous study on six Naja sputatrix CTX isoforms demonstrated that they exhibited different degrees of cytolytic potency [13] . Primary sequence comparisons between these CTXs showed that most of the conserved amino acid residues participate in structural roles, forming the threefinger loop conformations, thus maintaining the structural scaffold, while the variable residues around the tips of the loops participate in their biological activities [23] . Loop II has been proposed to be the most important cytolytic domain for these CTXs [13] .
To further examine the structure-function relationships of N. sputatrix CTX loops, CTX-4b, the P-type CTX that shows the greatest cytolytic activity, and NTX-2, with no such activity [7, 13] , have been chosen as templates for the construction of a series of chimaeric molecules by site-directed mutagenesis. In this study, a new cytolytic monitoring system has also been developed to assay for cytolysis. Our results indicate that all three loops of CTX work co-operatively to promote high cytolytic activity, with the first two loops (I and II) of CTX being the major contributors. We have also shown for the first time that mammalian cells, such as Chinese hamster ovary (CHO) cells, undergo cytolysis when transfected with CTX cDNAs.
MATERIALS AND METHODS

Cell culture and DNA transfection
The CHO (A.T.C.C. CCL-61) cell line was maintained in α-minimal essential medium (α-MEM) supplemented with 10 % (v\v) fetal bovine serum, 50 units\ml penicillin and 50 µg\ml streptomycin. Transfections were carried out with 6 µg of reporter plasmids by the calcium phosphate method [24] . Stable transfectants were selected in G418 (Sigma)-supplemented growth media.
Construction of chloramphenicol acetyltransferase (CAT) reporter plasmid
Plasmid pMAMneoCAT (Clontech) was digested with NheI and NdeI to remove the MMTV (mouse mammary tumour virus) promoter. The whole CTX-2 gene promoter was amplified by PCR from a full-length CTX-2 promoter template [25] . After digestion with NheI and NdeI, the fragment was ligated into pMAMneoCAT promoter-less reporter vector DNA.
CAT assay
The transfected cells were treated with TEN buffer (40 mM Tris\HCl, pH 7.5, 1 mM EDTA, 150 mM NaCl) for 5 min. The cells were then harvested by scraping with a rubber policeman and resuspended in 100 µl of 0.25 M Tris\HCl, pH 8.0. The cells were ruptured by three rounds of freeze\thawing cycles (37 mC\ solid CO # in ethanol). The extract was spun in a Microfuge for 5 min to remove cellular debris, and the resultant supernatant was retained. Protein estimation was carried out by the Bradford method using a Bio-Rad kit. The extract was heated at 65 mC for 10 min to inactivate deacetylases.
The assay mixture contained 5 µl of n-butyryl-CoA (5 mg\ml ; Sigma), 20 µl of cell extract and 6 µl of ["%C]chloramphenicol (specific radioactivity 0.025 mCi\ml ; Amersham Biosciences), and the mixture was made up with 0.25 M Tris\HCl to a final volume of 125 µl. After incubation at 37 mC for 2 h, the reaction products were extracted with 500 µl of ethyl acetate and the organic phase was evaporated to dryness in a Savant SpeedVac. The resultant residue was resuspended in 30 µl of ethyl acetate and spotted on to a silica gel TLC plate (Merck). The plate was placed in a tank pre-saturated with chloroform\methanol (97 : 3, v\v) until the solvent front had travelled half-way up the plate. Radioactive chloramphenicol was visualized by autoradiography using Kodak XAR-5 film, for qualitative analysis.
Quantitative assessment of CAT enzymic activity was also carried out using liquid scintillation counting assays, as described by Seed and Sheen [26] . After the reaction, 300 µl of mixed xylenes was used to extract the sample for 30 s. The sample was spun at 10 000 g in a microcentrifuge for 3 min to achieve good phase separation. The mixed xylene phase was transferred into a fresh tube. After extraction with 100 µl of 0.25 M Tris\HCl (pH 8.0) twice, 200 µl of the upper xylene phase was transferred into a scintillation vial. Then an appropriate scintillation fluid (e.g. Ready-Safe TM scintillant) was added, and the radioactivity in the samples was measured in a liquid scintillation counter.
The radioactivity (c.p.m.) measured in each sample represents the butyrylated chloramphenicol products. Nuclear extracts from CHO cells were used as negative controls.
Homology modelling and three-dimensional protein structure of three-finger toxins
Homology modelling was carried out by submitting the amino acid sequences of toxins to the Swiss-Model web site for automatic homology modelling (first approach mode ; http:\\www. expasy.ch\swissmod). The Swiss PDB viewer was used for threedimensional structural comparisons and manipulation [27] .
CD spectral analysis
CD spectra were recorded on a Jasco spectropolarimeter, model J715, equipped with an interfaced personal computer. The instrument was calibrated with ammonium d-10-camphorsulphonate. CD spectral data averaged from at least five recordings were considered acceptable. Results were expressed as mean residue ellipticity, [θ] , which is defined as [θ] l θ\60lc, where θ is the observed ellipticity in degrees, c is the concentration in dmol\l, l is the length of the light path in cm and the number 60 is the number of amino acid residues in the protein [28] . All CD spectra were measured at appropriate concentrations using 0.1 cm pathlength cells.
The β-sheet content of all recombinant proteins was calculated based on the CD spectral values (200 -240 nm) using the k2d analysis program at http:\\www.embl-heidelberg.de\"andrade\ k2d\ [29, 30] .
Construction of CTX/NTX chimaeras
CTX-4b and NTX-2 DNA fragments were cloned previously by reverse transcription-PCR from N. sputatrix snake venom mRNA [7, 13] . In the present study, the DNA fragments encoding chimaeric toxins were constructed by sequential PCR. To construct the CNC-CTX chimaera, which contains loops I and III of CTX-4b (denoted by the Cs in CNC) and loop II of NTX-2 (denoted by the N in CNC), three rounds of PCR were carried out. In the first round of PCR, the region of DNA containing NTX loop II was amplified by using the NTX-2 template and primers CNC-F and CNC-R. The primers contained a short stretch of CTX-4b sequence at their 5h-ends ( Table 1 ). The amplified DNA fragment was purified by gel electrophoresis and subjected to two separate amplifications (rounds 1 and 2). CTX-4b templates and the primer CTX-his-F or CTX-R were added separately to the purified first-round-PCR products. After denaturation at 95 mC for 3 min, primer CNC-F or CNC-R and PCR reagents were added. After 30 cycles, the truncated recombinant products were purified by agarose-gel electrophoresis. Finally, these products were mixed in equimolar amounts with primer set CTX-his-F and CTX-R for the third round of amplification. At the end of this amplification, the full-length CNC-CTX chimaera DNA was obtained. It was then subcloned into a pQE30 vector. To construct the other two chimaeric molecules, i.e. CCN-CTX (loops I and II of CTX with loop III of NTX) and NCC-CTX (loop I of NTX with loops II and III of CTX), similar PCR amplification strategies were used. For the construction of NCC-CTX, the NTX-2 template and primers NCC-R and NTX-GST-F were used (GST denotes glutathione S-transferase). After purification of the PCR product, it was mixed with diluted CTX4b template and another round of PCR was carried out by using primer set NTX-GST-F and CTX-R. The CCN-CTX chimaera
Table 1 Primers used for construction of the recombinant chimaeric toxins
The complete NTX-2 and CTX-4b nucleotide sequences can be retrieved from GenBank (accession nos. AF097000 and U86595 respectively).
Primer
Descriptions Sequence CNC-F Loops I and III of CTX and loop II of NTX ; forward primer 5h AAGAACTTATGCTATAAAAAGAG 3h CNC-R As above ; reverse primer 5h GAGACTGCTTTTAGGGCAACCACATC 3h NCC-R Loops II and III of CTX and loop I of NTX ; reverse primer 5h AGTTCTTCCCTGCTGAACAACCTGT 3h NTX-GST-F Neurotoxin GST fusion ; forward primer 5h CCGCGTGGATCCCTGGAATGCCAC 3h CCN-F Loops I and II of CTX and loop III of NTX ; forward primer 5h GGGCAACCACATCCCCTTTTGACAG 3h NTX-R NTX ; reverse primer 5h AGAGCCAAGCTTATCAGTTGTTGCAGC 3h NCN-F Loops I and III of NTX and loop II of CTX ; forward primer 5h GGGGAGACCAATTGCTATAAAATGTA 3h NCN-R As above ; reverse primer 5h GGGCAACCACATCCCCTTTTGACAG 3h NNC-F Loops I and II of NTX and loop III of CTX ; forward primer 5h TGTGTTTGCCCTAAAAGCAGT 3h CTX-R CTX ; reverse primer 5h GGAGGTAAGCTTATCAGTTGCATCTG 3h CNN-R Loops II and III of NTX and loop I of CTX ; reverse primer 5h CTCCCCTGCTGGACAAGTC 3h CTX-GST-F CTX GST fusion ; forward primer 5h GCGCGTGGATCCTTAAAATGT 3h CTX-his-F CTX His-tagged fusion ; forward primer 5h GGGATCCCTGGTTCCGCGTGGTTCCTTAAAA 3h NTX-his-F NTX His-tagged fusion ; forward primer 5h CGGGATCCCTGGTTCCGCGTGGTTCCCTGGAA 3h CTX-F CTX forward primer for eukaryotic expression 5h GAATTCGCCGCCACCATGTTAAAATGTAAC 3h NTX-F NTX forward primer for eukaryotic expression 5h GAATTCGCCGCCACCATGCTGGAATGCCAC 3h
was constructed in a similar manner by using primers CCN-R, CTX-GST-F and NTX-R ( Table 1 ). The primers used for the preparation of other constructs, each containing a single loop from CTX (CNN, loop I ; NCN, loop II ; NNC, loop III), are listed in Table 1 . All PCR amplifications were carried out on a Perkin Elmer Cetus Thermal Cycler Model 480 for 30 cycles, with each cycle consisting of a denaturing step at 94 mC for 1 min, an annealing step at 50 mC for 1 min and an elongation step at 72 mC for 2 min, followed by a final extension step of 10 min at 72 mC. The reaction mixture contained 250 mmol of each dNTP, 10 mmol each of the sense and antisense primers, 50 µl of reaction buffer (50 mM KCl, 10 mM Tris\HCl, pH 8.3, 1.5 mM MgCl # ) and 1 unit of Taq polymerase.
To clone the corresponding recombinant toxin genes into a eukaryotic expression system, primers CTX-4b-F, NTX-F, CTX-R and NTX-R were used for PCR and then the amplified fragments were digested by EcoRI and XhoI. The restricted fragments were ligated into EcoRI\XhoI-treated pcDNA4\TO\myc-His-A vector. The reading frame and orientation of each of the constructs were confirmed by dideoxy DNA sequencing on an automated DNA sequencer (Model 373A ; Applied Biosystems).
Expression and purification of recombinant chimaeric toxins
DNA fragments encoding recombinant CTX-4b, NTX-2 and all other chimaeric toxins were cloned into the bacterial expression vector pQE30 or pGEX-KG at BamHI and HindIII restriction digestion sites and expressed as GST or His-tagged fusion proteins. The orientation and in-frame fusion of each of the recombinant genes with the GST gene or to the histidine tag in the vector were confirmed by DNA sequencing.
To facilitate the removal of GST and the His tag, thrombincleavage sites were incorporated just in front of the toxin proteins. The GST and His tags were removed by thrombin protease digestion. Hence only two extra amino acids, Gly and Ser, will remain attached to the toxin after digestion with thrombin.
The expression of cloned genes was induced by isopropyl β--thiogalactoside (0.1 mM) for 3-5 h and the expressed products were analysed by Tris\Tricine SDS\PAGE [31] . The GST fusion products were purified on a glutathione-agarose resin according to the manufacturer's protocol (Pharmacia Biotech) and cleaved with thrombin to release the recombinant CTXs. For His-tagged fusion proteins, the recombinant proteins were purified under denaturing conditions. After dialysis to remove urea, the recombinant fusion proteins were cleaved by thrombin protease according to the protocol described by the manufacturer (Pharmacia Biotech).
Refolding of recombinant chimaeras
Before being refolded, the thrombin-digested recombinant proteins were first fully denatured by dilution into 5 vol. of 8 M urea in 50 mM Tris\HCl (pH 8.0)\2 mM EDTA containing 50 mM β-mercaptoethanol and incubated in the buffer for 2 h at room temperature. In itro renaturation of unfolded proteins was performed overnight at room temperature by dialysis in PBS, pH 8, containing 4 mM GSH and 2 mM GSSG. Refolded proteins were finally purified using reverse-phase HPLC as previously described [13] . Briefly, the refolded chimaeras or the native proteins were purified by reverse-phase HPLC on a C18 column (Jupiter C18 ; 5 µm ; 4.6 mmi250 mm). The column was equilibrated with 0.1 % trifluoroacetic acid in water and the protein was eluted using a linear gradient of 0 -60 % solvent B (0.1 % trifluoroacetic acid in acetonitrile). MS analyses were carried out on a Q-TOF mass spectrometer (Micromass UK Ltd). The processing of the mass spectra was performed using Micromass MassLynx software according to the manufacturer's protocol.
The refolding of these proteins to form secondary structures was monitored by CD spectra at a protein concentration of 20 µM on a Jasco spectropolarimeter (J715).
Cytotoxicity assay
The CHO-CAT cell line, which expresses the CAT gene endogenously, was inoculated into 24-well plates. When the cells had reached 80 -90 % confluency, they were subjected to cytotoxicity tests. The medium in each well was aspirated, the cells were washed with 1i PBS, and an appropriate amount of toxin dissolved in 200 µl of PBS was then added and incubated at 37 mC in a CO # incubator for 1 h. After treatment, the assay buffer was removed and stored at k70 mC for measurement of CAT activity. Percentage cytolytic activity was calculated as :
where For in i o cytotoxicity assays, 5i10& CHO-CAT cells were inoculated on to 6-well plates 1 day before transfection. After cotransfection of CHO-CAT cells with pcDNA6\TR or pcDNA\ TO\myc-His-A containing different recombinant toxin DNAs, the cells were incubated in complete α-MEM for 24 h. Then the transfected cells were induced by 1 ml of α-MEM containing 1 µg\ml tetracycline for another 24 h. Approx. 500 µl of medium was removed and heated at 65 mC for 10 min before proceeding to the CAT assay. Toxin protein expression was confirmed by Western blot analysis using anti-His-HRP (horseradish peroxidase) antibody. To standardize the results for potential cell death during the transfection procedure, medium removed from pcDNA6\TR-transfected cells was used as a negative control. The results were corrected for the c.p.m. readings from the negative control, and all transfections were carried out in triplicate.
Haemolysis assay
Freshly collected human blood in sodium citrate buffer was washed in isotonic NaCl solution. The cell suspension was centrifuged to obtain a clear supernatant. The washed cells were resuspended in the same buffer for haemolysis. Aliquots of the washed cells were then added and diluted to the desired CTX concentration in a final volume of 1 ml at 37 mC. After a 1 h incubation, the intact cells were spun down in a microcentrifuge. The absorbance of the supernatant was measured at 540 nm for quantification of the lysis of red blood cells. As a positive control, red blood cells were ruptured in water. Haemolytic potency was expressed as percentage haemolysis, assuming lysis in water to be equal to 100 % within a given incubation time.
RESULTS AND DISCUSSION
Establishment of a new cytolytic toxin monitoring system and assessment of the autolysis of CHO-CAT cells
To generate stably transfected cell lines that can constitutively express the CAT gene, a eukaryotic expression vector containing the CAT gene was constructed as described in the Materials and methods section. About 1 week after transfection of CHO cells with a CAT expression vector and selection by G418-containing medium, cells were serially diluted in G418\α-MEM and inoculated into 96-well plates for cloning. After 6 weeks of selection and purification, the stably transfected CHO cells were expanded and established as the desired cell line. A total of 25 G418-resistant transfectants were harvested, lysed and tested for endogenous CAT activity. Figure 1(A) shows the TLC results of CAT activity for 13 of the tested clones. Seven clones exhibited strong endogenous CAT activity. One of these, clone 18, was chosen for further analysis and stored frozen under liquid nitrogen. This clone was designated CHO-CAT.
The ability of CHO-CAT cells to remain as intact cells and also to prevent the CAT enzyme from being spontaneously released into the buffer (in the absence of a cytolytic agent) is important, to increase the signal-to-noise ratio of the cytolysis assay. To test this property, the growth medium was removed and PBS was added to 80 % confluent CHO-CAT cells. PBS was sampled at different time points. Figure 1(B) shows that, even after 8 h in PBS, the cells were still intact, with no detectable enzymic activity in the incubation buffer. Most of the enzyme activity was confined to the interior of the cells. A relatively high level of CAT activity was observed when cell extracts (after lysis) were assayed for the enzyme ( Figure 1B) .
Comparison with the red blood cell cytolytic analysis system and the lactate dehydrogenase (LDH) assay
Red blood cells are commonly used to determine cytolytic activity [32] . However, the accuracy, sensitivity and linearity of such an assay are extremely poor. When a red blood cell system was used for the comparison of cytotoxicity elicited by different CTX isoforms, no significant differences were observed.
Although a number of CTXs exhibit haemolytic activity, some CTXs do not. However, they may lyse other cell types, especially some tumour cells [33] . In Figure 1(C) , the sensitivity and accuracy of these two cytolytic assay systems were compared based on the cytolytic potency of the protein in relation to its concentration. In the new CHO-CAT cell cytolytic assay, 50 % lysis was observed at 100 nM protein, while the haemolytic assay showed only 5 % lysis at 100 nM toxin. On the other hand, 50 % lysis was observed at 700 nM toxin in the conventional LDH assay for cytolysis determined previously [13] for the same CTX-4b. Thus the CHO-CAT system is at least 10 times more sensitive than the haemolytic assay and 7 times more sensitive than the LDH assay. Significant (" 10 %) lysis has been observed even at 60 nM toxin concentration with the CHO-CAT system, while almost no lysis was observed at this concentration in the haemolytic assay. The high sensitivity of the CHO-CAT system might be due to the following. First, it is well known that transformed cells, such as CHO cells, are more sensitive to cytotoxins [34] . The morphology and characteristics of this cell line are very similar to those of tumour cells, such as high growth rate, high nucleus\cytoplasm ratio, etc. [35] . Secondly, CAT is extremely stable, so that the CAT produced can accumulate during the incubation period. Thirdly, if the enzymic reaction time was prolonged, very low levels of endogenous CAT enzyme could be detected. Besides these advantages, CAT is a prokaryotic enzyme and is absent from mammalian cells. These features make it the most suitable enzyme for the assay. Several commercially available CAT ELISA kits, e.g. from Boehringer Mannheim or Promega, can also be used by those investigators who prefer to use nonradioactive substrates.
Homology modelling, construction and purification of chimaeric three-finger toxins
Post-synaptic NTXs and CTXs belong to the family of threefingered toxins. Even though they have a similar three-dimensional superimposable scaffold, no functional similarities have been reported. It is well known that protein function is due to its specific spatial folding. Ricciardi et al. [17] demonstrated that subtle structural deviations could affect specific functional topographies. Through loop-swapping between different toxins, these authors [17] have shown that structurally different regions not only can confer their specific functions to the host molecule, but also can keep their native conformation similar to that of the donor molecule and even retain the conformation of adjacent residues. Structural and functional comparisons have revealed that the three loops of NTX\CTX may be the most important regions for their neurotoxicity or cyotoxicity. By a comparison of primary sequences, Jeyaseelan et al. [13] suggested that the most important domain for the cytolytic activity of CTX is loop II of the protein. Hence, to explore the cytolytic activity of CTX, the P-type CTX (highly cytolytic) CTX-4b and the highly neurotoxic NTX-2 of N. sputatrix were selected as initial templates. Homology modelling of CTX-4b and NTX-2 was carried out in order to verify structural deviation between the two proteins. The modelled structures of CTX-4b and NTX-2 have been superimposed in order to compare the overall structural differences between them (Figure 2A) . The major structural deviations have been found to be located within loops I and II. Initially, singleloop transfers were carried out to test whether the cytolytic properties of CTX-4b could be transferred to NTX-2. As a cooperative interaction between loops has been demonstrated in previous reports [36, 37] to be required for CTX to display its cytotoxicity, we also transferred two loops at a time from the CTX molecule to its NTX counterpart by sequential PCR. Compared with other mutagenesis protocols, sequential PCR represents an extremely simple and successful method for the shuffling of DNA fragments. The basic three-finger structure was kept undisturbed by maintaining the conserved residues as well as the eight cysteine residues. The detailed experimental procedures have been outlined in the Materials and methods section, and the exchanged areas in the chimaeric toxins are shown in Figure 2(C) .
Two expression strategies were employed, based on the yield and solubility of recombinant proteins. The chimaeric proteins CNN-NTX, NCN-NTX, NNC-NTX, CCN-CTX and NCC-CTX were expressed as GST fusion proteins. Other proteins, including CTX, CNC-CTX and NTX, were expressed by a Histag expression system. After digestion by thrombin, all recombinant proteins were refolded in refolding buffer containing 4 mM GSH and 2 mM GSSG. Figure 3 shows that the thrombindigested recombinant toxins purified by reverse-phase HPLC were homogeneous. The secondary structures were examined by far-UV CD. A negative trough at around 211 nm and a large positive trough at around 195 nm which is typical of β-sheet organization, were observed in all the chimaeric constructs, as well as in native CTX ( Figure 3C ). This strongly suggests that the dominant β-sheet structure that characterizes the three-fingerlike fold has been preserved in the refolded recombinant chimaeric toxins (Table 2) . However, close inspection of the CD spectra suggests that CCN-CTX, NCN-NTX and CNC-CTX might exhibit a tightly packed structure like that of the native toxins, but that NCC-CTX might exhibit a slightly different (possibly improperly folded) structure.
Cytolytic activity of recombinant chimaeric toxins
CTX-4b, a P-type CTX from N. sputatrix, was selected as a model for cytolytic assays based on the previous studies of Jeyaseelan et al. [13] and Chien et al. [18] . To evaluate the cytolytic activities of the different chimaeric toxins, CHO-CAT cells were incubated with various concentrations of the toxins. Each experiment was carried out in triplicate. The results demonstrated that in itro refolded recombinant CTX-4b retained the cytolytic function of native CTX-4b ( Figure 4A ). NTX, NCC-CTX and the single-loop-transferred chimaeric constructs NNC-, CNN-and NCN-NTX did not exhibit any cytolytic activity. As expected from the homology modelling data (Figure 2B ), where the first two loops in the CCN-CTX model superimposed well with those of native CTX-4b, the cytolytic potency of CCN-CTX was found to be much higher than that of CNC-CTX. Based on the CD spectral data, the loss of cytotoxic activity in NCC-CTX could be due to possible perturbation of its tertiary structure caused by exchange of the loops ( Figure 2C ). Transfer of individual loops of CTX on to the NTX backbone did not result in chimaeric proteins with cytolytic activity, even though the spatial structure, based on CD spectral analysis, was observed to be well preserved ( Figure 3C ). Hence it is clear that all three of the finger-loops work in a co-operative manner. However, the first two loops are thought to be the major functional domains with regard to cytotoxicity, as observed for the cytolytic activity of CCN-CTX. Although the chimaeric toxin CNC-CTX exhibited a tightly packed structure, like the native toxins, the cytolytic activity of this toxin was still markedly lower ( Figure 4A ) than that of the other constructs, indicating that functional topology differs from the structural scaffold, and that loops I and II play a crucial role in the cytolytic action of the protein. In itro, CTXs execute their cytotoxic activity by binding to zwitterionic phospholipids through hydrophobic interactions [38, 39] and to anionic glycosaminoglycans via specific electrostatic interactions [40] . The continuous hydrophobic patch formed in the CTX molecule might be one of the major reasons for its detergent-like cell lysis activity. The hydrophobicity of CCN-CTX ( Figure 5 ) is higher than that of CNC-CTX in the loop II region. This difference could possibly explain the high and low cytotoxicity observed for CCN-CTX and CNC-CTX respectively. However, the role of the hydrophobic nature of the N-terminal and loop I region of the cytotoxin is yet to be defined. Sivaraman et al. [41] proposed that the N-and C-terminal ends of CTX III in Naja atra aid in the compaction of the CTX molecule. The CD-spectral data also showed that replacing loop I of CTX with loop I of short-chain NTX in NCC-CTX disturbs the spatial structure of the three-finger scaffold ( Figure 3C ). Interestingly CCN-CTX exhibited a tightly packed structure. The β-sheet content of CCN-CTX is similar to that of native CTX-4b and recombinant CTX4b (Table 2) . Stevens-Truss and Hinman [42] reported that the absence of an aromatic residue at position 11 in loop I resulted in lower cytolytic activity of CTX. Interchanging amino acid sequences in loop III selectively impaired target-specific binding and cytolysis, while loss of a positively charged residue at the tip of loop II significantly reduced cytolysis. The functionally important residues that are located at the tips of three loops are believed to be flexible, and this flexibility is postulated to be crucial in the binding of CTXs to their respective acceptor or receptor [43] . On the other hand, Dufourcq et al. [19] reported that the hydrophobic patch located at the tip of loop I could constitute the erythrocyteinteraction site of CTXs, and that the loop I residues are more flexible than the residues in loop II and III. Chien et al. [18] , however, postulated that the S-type CTXs penetrate the membrane via only one loop, presumably loop II. However, in the P-type CTXs (membrane-active toxins), all three loops were demonstrated to be involved in the interaction with the lipid bilayer [21] . In our present study, the involvement of loops I and II was observed to be significant for the cytolytic activity of CTX. The chimaeric toxin CCN-CTX was found to be the most active cytolytic protein, followed by CNC-CTX and (least active) NCC-CTX ( Figure 4A ). The CD spectra and the predicted β-sheet and α-helix structural content of the refolded proteins (CCN-CTX and CNC-CTX ; Figure 3C and Table 2 ), as well as the hydrophobicity profiles ( Figure 5 ), were found to correlate well with those of the native proteins, except for the NCC-CTX chimaera, which exhibited a slightly different CD spectrum.
Transfection of cDNAs into mammalian cells and cytolytic assays
To rule out the possible misfolding of proteins within the bacterial expression system, we co-transfected pcDNA6\TR with Figure 4 Cytolytic activity of chimaeric toxins (A, B) Cytolytic activity determined for native and recombinant toxins at different concentrations of toxin (A) and at 400 nM toxin (B). CTX-n, native CTX ; CTX-r, recombinant CTX. (C) In vivo expression of toxin cDNAs and cytolytic activity of the proteins. The cytolytic activities of different chimaeric toxins in the eukaryotic system are compared. The plasmid pcDNA4/TO/mycHis-A containing the toxin gene was transfected into CHO-CAT cells. After 48 h, the transfected cells were incubated in the same medium or subjected to 1 µg/ml tetracycline (Tet) treatment for another 24 h. The cells were collected and boiled with SDS loading buffer for Western blot analysis by using anti-His-HRP antibody. All tests were carried out in triplicate, and the results are meanspS.D. of three independent experiments. recombinant pcDNA4\TO\myc-His-A tetracycline-inducible vector containing different recombinant toxin genes, including the chimaeric constructs, into CHO-CAT cells and examined their cytotoxic effects.
The pcDNA4\TO\myc-His vector contains two tetracycline operator 2 (TetO2) binding sites within the human cytomegalovirus promoter for the tetracycline-regulated expression of the target gene of interest [44] , and allows the high-level expression of toxin genes. Since gene expression can be stringently controlled by the Tet repressor, this system has been successfully used for the investigation of other highly cytotoxic proteins in eukaryotic cells [44] [45] [46] [47] . The DNA fragments encoding the corresponding toxins were subcloned into pcDNA4\TO\myc-His-A vector and transiently co-transfected with pcDNA6\TR vector into CHO-CAT cells. After 24 h of growth in complete medium, protein expression was induced by α-MEM containing 1 µg\ml tetracycline. The expression of toxin proteins in CHO-CAT cells was confirmed by Western blotting using anti-His-HRP labelled antibodies ( Figure 4C, inset) . Figure 4(C) shows the cytotoxic effects of the different constructs. A pattern similar to that of in itro assays was observed, whereby CCN-CTX showed the highest lytic activity and NCC-CTX was the least active construct. These data not only further supported the results of the in itro cytolytic assays, but also demonstrated that CTXs are capable of lysing cells from inside the cells as well. Recently Jayaraman et al. [48] reported that the DNA binding ability of CTXs could account for their cytolytic properties. Therefore CTXs can bring about cytolysis, and possibly cell death, when expressed within eukaryotic cells as reported. However, potential applications of chimaeric CTXs in inducing cell death in certain types of tumour cells need to be investigated further.
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